Adult hematopoietic stem and progenitor cells (HSPCs) 2 are rare populations of cells residing in the bone marrow (BM) that undergo a complex but highly ordered differentiation and selfrenewal program to support blood cell development (1) (2) (3) . Recent genetic studies suggested that HSPCs need an active interaction with their BM microenvironment through a network of cytokines, developmental cues, chemokines, and adhesion molecules to be retained in the BM. The BM microenvironment supplies multiples of these extrinsic factors that are essential for the retention of HSPCs, whereas correspondingly, HSPCs express receptors for these extrinsic stimuli to transduce the signals leading to proper HSPC behaviors. One challenge in understanding how the HSPCs are maintained in such complex signaling networks is to identify critical intracellular components in HSPCs that link various stimuli to signaling effectors that ultimately determine their localization and cell fate. In this context, signaling events mediated by integrins, chemokines, and cytokines are essential in regulating HSPC residency in the BM, and alterations of the related pathways may be critical for HSPC mobilization regimens that are in use clinically (1) (2) (3) (4) (5) .
Rac1/Rac2 are members of the Rho family of GTPases that function as intracellular signaling switches cycling between a GTP-bound active and a GDP-bound inactive state to transduce diverse signals in cells (6, 7) . The Rac GTPases play a major role in the organization of the actin cytoskeleton, cell migration and adhesion and in the control of gene expression and the activation of proliferation and survival pathways. Specifically in HSPCs, a variety of cytokines, chemokines, growth factors, and integrins, including SCF/c-kit, CXCL12/CXCR4, and VCAM-1/fibronectin through ␤1-integrins, signal through Rac1/Rac2 (4, 5) . Guanine nucleotide exchange factors, downstream of cytokine and chemokine receptors, are engaged to mediate Rac activation and initiate an array of cellular responses by endowing the active Rac1/Rac2 with the ability to engage specific effectors (8 -10) . Therefore, Rac GTPases are critical intracellular signaling molecules in HSPCs responsible for the regulation of migration, adhesion, homing, marrow retention, and peripheral mobilization (11) (12) (13) . Although extensive efforts have been dedicated to understanding the architecture of the cytokine receptor/guanine nucleotide exchange factor signaling pathways, the complete picture on the mechanism on how Rac activities are regulated by various BM-derived stimuli is not clear.
R-Ras is a member of the Ras family of GTPases (14 -17) . The sequence of R-Ras is approximately 55% homologous to other members in the Ras family including H-, K-, and N-Ras. All Ras proteins share nearly all of their effector-binding properties and share the majority of their effectors. However, R-Ras and H-Ras have different functions on cell-extracellular matrix adhesion. For example, R-Ras enhances integrin-mediated cell adhesion, whereas H-Ras inhibits integrin activity (18, 19) . The role of R-Ras in regulating cell adhesion and migration in different cell types is not well understood. In primary human coronary artery smooth muscle cells and in the breast epithelial cell line MCF10, R-Ras-GTP was reported to inhibit the PDGF-induced cell migration and disrupt epithelial cell motility (20, 21) , whereas other reports indicated that R-Ras-GTP could promote cell migration in the cell lines including NIH3T3, 32D, MCF10A and T47D (22) (23) (24) (25) . Similarly, several reports suggested that R-Ras-GTP induces cell adhesion (14, 26 -28) , although Nakada et al. reported that R-Ras negatively regulated EphB2-mediated glioma cellular adhesion (29) .
The functional relationship between R-Ras and Rac remains controversial. R-Ras has been reported as an upstream regulator of Rac1 (14, 24) but whether it may activate or suppress Rac1 activity appears to differ among cell systems (14, 23, 25) . Recently, R-Ras was found to be exclusively expressed in endothelial lineage in mouse (21) , raising the issue whether most findings of R-Ras studies in the literature bear physiologic relevance. In the current work, we found that R-Ras is expressed in hematopoietic progenitor cells. To determine the function of R-Ras in primary hematopoietic cells and to clarify the functional relationship between R-Ras and Rac GTPases in this cell population, we have examined an R-Ras knock-out mouse model and found that R-Ras deficiency induces hematopoietic progenitor cell (HPC) migration through an up-regulation of Rac1/Rac2 activity. Our in vitro and in vivo studies show that R-Ras serves as an upstream suppressor of Rac in response to multiple stimuli that control Rac activity and are essential for HPC mobilization and homing. These results indicate that R-Ras functionally cross-talks with Rac1/Rac2 in mediating signaling to actomyosin machinery in HPCs.
EXPERIMENTAL PROCEDURES
Animals and Cells-Knock-out (KO) R-Ras mice have been described previously (21, 30) . WT and R-Ras-KO mice, backcrossed for Ͼ10 generations into C57BL/6 mice, were used in our experiments. B6.SJL-Ptprc Pepc/BoyJ mice were used for competitive repopulation experiments. BM cells were obtained by crunching murine femora and tibiae. Single BM or spleen cell suspensions were obtained by filtration through a 40-m filter. The cells were laid on top of Histopaque-1083 (Sigma) and centrifuged at 2000 rpm for 10 min at room temperature to obtain low density BM (LDBM) cells. Murine embryonic fibroblasts and human vascular endothelial cells (HMVECs) were obtained and cultured as described elsewhere (31, 32) .
Flow Cytometry Analysis-Isolated LDBM cells were washed in PBS and stained for 15 min at room temperature with a mixture of FITC-conjugated anti-mouse antibodies specific for the cell lineage antigens, including CD45R (B220; clone RA3-6B2), Gr-1 (Ly-6G and Ly-6C; clone RB6-8C5), CD4 (L3T4; clone RM4-5), CD8a (Ly-2; clone 53-6.7), CD3e (clone 145-2C11), CD11b (M1/70), and Ter119 (Ly-76) according to the manufacturer's recommendations (PharMingen, San Diego, CA). Negativity for the expression of these antigens constituted the lineage-negative (Lin Ϫ ) cell population. Ϫ4 M ␤-mercaptoethanol; Stem Cell Technologies, Vancouver, BC) containing 4 units/ml erythropoietin, 100 ng/ml recombinant rat stem cell factor, 100 ng/ml G-CSF, and 100 ng/ml IL-3 (all of them from Peprotech, Rocky Hill, NJ) for 10 days. Colonies containing more than 50 cells were counted under an inverted microscope.
Fluorescence Microscopy-To characterize F-actin assembly and the Rac activity, purified Lin Ϫ /c-Kit ϩ cells were serumstarved in Iscove modification of DMEM (IMDM; Mediatech, Herndon, VA) and stimulated with or without the chemokine CXCL12 (100 ng/ml, from Peprotech, Rocky Hill, NJ) for 15 s. The cells were fixed with 2% paraformaldehyde (pH 7.4; Sigma) and permeabilized with 0.1% Triton X-100 (Sigma) for F-actin or cold icetone (50 and 100%) for Rac-GTP. After blocking in 2% BSA, the cells were stained with TRITC-conjugated phalloidin (Molecular Probes) and DAPI for F-actin or Rac-GTP (Neweast Bioscience, Malwern, PA) antibody followed by Alexa Fluor 568 goat anti-mouse secondary antibody (Molecular Probes) and mounted for fluorescence imaging analysis (Zeiss fluorescence microscope). Images shown of F-actin staining are representative of more than 100 cells examined for each genotype. The fluorescence intensity of Rac1-GTP was measured by using the ImageJ (1.44p) software. At least 50 cells were examined for each genotype.
R-Ras, H-Ras, Cdc42, RhoA, and Rac1/Rac2 Activity AssaysThe relative levels of Rac1-GTP, Rac2-GTP Cdc42-GTP, R-Ras-GTP, and H-Ras-GTP in Lin Ϫ cells were examined by effector domains of GST-PAK1 or GST-cRaf1 pulldown protocols (33) . Briefly, the isolated wild-type or mutant Lin Ϫ cells were starved in serum/cytokine-free IMDM overnight and challenged with rrSCF (100 ng/ml), CXCL12 (100 ng/ml), or IL-3 (20 ng/ml) for single or multiple time points of 2, 5, and 10 min prior to the effector domain pulldowns. Separately, the cells adhering to fibronectin fragment (CH296)-coated surfaces for 2 h were subjected to a similar GST-cRaf1 pulldown assay compared with the cells in suspension. The levels of active Rac1, Cdc42, Rac2, R-Ras, and H-Ras were detected by monoclonal anti-Rac1, anti-Cdc42 (both from BD Transduction), polyclonal anti-Rac2 (Novus Biologicals, Littleton, CO), polyclonal anti-R-Ras (Cell Signaling Technology, Boston, MA), and monoclonal anti-H-Ras (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies, respectively.
Downstream Signaling Activation by Phospho-protein Immunoblotting-Isolated Lin Ϫ cells from both wild-type and mutant R-Ras mice were lysed and immunoblotted with rabbit polyclonal anti-R-Ras antibody (Cell Signaling Technology) to examine the expression of R-Ras in the WT and mutant R-Ras mice. To examine the activities of PAK1, MLC, AKT, and ERK, isolated Lin Ϫ cells were serum-starved for 24 h and then subjected with or without stimulation with 10% FBS, 100 ng/ml rrSCF, 100 ng/ml CXCL12, and 20 ng/ml IL-3 for 15 min or 100 ng/ml CXCL12 for 2, 5, 10 min, respectively, before cells were lysed and immunoblotted with anti-phospho-PAK1 (Ser 199 / Ser 204 ), anti-phospho-MLC, anti-phospho-AKT, and antiphospho-ERK (Cell Signaling Technology).
F-actin and Integrin Expression Assays-To determine the F-actin and integrin (␣4␤1 and ␣5␤1) expression in HPCs, total BM cells were stained with rhodamine phalloidin for F-actin; ␣4␤1-FITC or ␣5␤1-PE for integrin as well as progenitor markers including c-Kit-APC, Sca-1-PE-Cy7, and biotinylated lineage-depletion mixture labeled with the secondary antibody Percp-Cy5-streptividin (all of the antibodies are from PharMingen). F-actin or integrin was quantified by flow cytometry as mean fluorescence intensity.
Cell Migration and Adhesion Assays-Isolated LDBM cells were subjected to adhesion and migration assays in vitro. For adhesion assays, the cells were incubated on plates coated with recombinant fibronectin fragment CH-296 (TaKaRa Biotechnology) containing the integrin ␣4␤1 and ␣5␤1 binding sites for 1 h in IMDM and were washed with PBS three times before the adherent cells were harvested by using the Cell Dissociation buffer (BD Biotechnology). For migration assays, the cells were plated in the upper well of a transwell chamber separated with a filter containing 5-m pore size (Corning, Corning, NY) in IMDM medium with 2% BSA. After a 4-h incubation against a CXCL12 (or without CXCL12) gradient at the lower chamber, the cells that migrated through the filter were harvested. They were then assayed for colony-forming activity in methylcellulose medium containing rrSCF, IL-3, EPO, and G-CSF. The percentage of adherent or migrated HPCs was calculated and expressed as a ratio of formed colony numbers from the adherent or migrated cells and from the total input cells.
Mobilization of Peripheral Blood (PB) Hematopoietic Progenitors by Administration of G-CSF-
We administered recombinant human G-CSF (Neupogen, Amgen) intraperitoneally every day for 6 days at a dose of 200 g/kg per day. PB was collected by retroperitoneal puncture 2 h after administration of the last dose of drug (42) .
Generation of R-Ras-deficient Hematopoietic and Nonhematopoietic Chimeric Mice-Full hematopoietic and nonhematopoietic chimeras were generated after transplantation of 3 ϫ 10 6 bone marrow cells from either WT and R-Ras Ϫ/Ϫ mice into lethally irradiated (two doses of 7 and 4.75 gray, 3 h apart) CD45.1 ϩ B6.SJL[Ptprca Pep3b/BoyJ] mice (hematopoietic chimeras) or after transplantation of CD45.1 ϩ B6.SJ[LPtprca Pep3b/BoyJ] (WT) mice into lethally irradiated either WT and R-Ras Ϫ/Ϫ mice (reverse transplantation). Chimerism was analyzed in PB at 6 weeks after transplantation. PB of hematopoietic chimeric mice contained 98.8 Ϯ 1.0% and 96.4 Ϯ 4.3% CD45.1 ϩ leukocytes for WT and R-Ras Ϫ/Ϫ groups, respectively. PB of reverse transplantation recipients of WT bone marrow contained 94.8 Ϯ 1.4% and 94.2 Ϯ 2.3% CD45.2 ϩ leukocytes for WT and R-Ras Ϫ/Ϫ groups, respectively. Homing Assay-Donor animals (R-Ras-KO or R-Ras WT) were sacrificed, and single-cell suspensions of the BM were prepared, counted, and used for transplantation. An aliquot was also plated in methylcellulose culture to quantify committed progenitor cells. Twenty million cells were injected through the tail vein into lethally irradiated mice. Sixteen hours later, recipients were sacrificed, and the BM and spleen were collected. Single-cell suspensions of BM were prepared and cultured in triplicate to assess donor colony-forming unit in culture (cfu-C) recovery in the recipient animals. To estimate the total BM homing, the BM content of one femur was assumed to represent 6.7% of total BM (34) .
Statistical Analysis-Experimental data were analyzed and compared for statistically significant differences by a two-tailed Student's t test or two-way ANOVA. Data are presented as the mean Ϯ S.D. or S.E.
RESULTS

R-Ras and Rac1
Activities Are Inversely Regulated by Cytokine, Chemokine, and Integrin-R-Ras was previously suggested to be exclusively expressed in the endothelial lineage in mice (16) . We first carried out Western blotting to examine whether R-Ras is also expressed in hematopoietic progenitor cells. We used an R-Ras antibody to detect the endogenous expression of R-Ras in Lin
ϩ BM hematopoietic cells, primary mouse embryonic fibroblast cells, and HMVECs, using the R-Ras Ϫ/Ϫ Lin Ϫ cells as controls. We found that R-Ras, in addition to HMVEC, is also expressed in Lin Ϫ and Lin Ϫ /cKit ϩ BM cells, populations enriched for HPCs (Fig. 1A) . Previous reports showed that in hematopoietic cells, Rac1 activity was regulated by multiple cytokine, chemokine, or integrin stimulations (4, 5) . Because of the controversial relationship of R-Ras with Rac1 described in the literature, we next tested whether Rac1 activity is associated with R-Ras activity in hematopoietic cells. We measured R-Ras and Rac1 activation in Lin Ϫ BM cells after transient stimulation by the cytokine IL-3 or SCF, chemokine CXCL12, or fibronectin. R-Ras activity was significantly decreased (ϳ3-5-fold) under these stimulation conditions (Fig. 1B) . In contrast, the Rac1-GTP level, as well as the H-Ras-GTP level, in the isolated Lin Ϫ BM cells were significantly elevated (ϳ 2-3-fold) in response to similar stimulation by SCF, IL-3, CXCL12, or fibronectin (Fig. 1, B and C) . The inverse effects of these different stimuli on R-Ras and Rac1 activities suggest a close association between Rac1 activation and R-Ras inhibition in the transduction of diverse signals in Lin Ϫ HPCs. To explore the dynamics of R-Ras and Rac1 activities in response to the agonists, we serum-starved and then stimulated the Lin Ϫ BM cells with 100 ng/ml CXCL12 for 2, 5, 10 min, respectively. Rac1 activities were increased, and R-Ras activities were inhibited at these time points after stimulation (Fig. 1D) , further confirming the inverse relationship of R-Ras inhibition and Rac1 activation by these stimuli.
R-Ras Deficiency Causes Rac1/Rac2 Activation in HPCs-To determine whether the inverse relationship of R-Ras activity and Rac1 activity is linked, we utilized Lin Ϫ cells from R-Ras mutant (KO) mice and their litter control WT mice. Lin Ϫ cells from the mutant mice showed an absence of R-Ras protein expression ( Fig. 2A) . We examined the Rac1 activity under CXCL12 stimulation at multiple time points by the GST-Pak1 effector pulldown assay. As shown in Fig. 2B , the Rac1-GTP level in the isolated Lin Ϫ BM cells in the nonstimulatory condition was Ͼ3-fold higher in R-Ras mutant cells compared with WT control cells. Moreover, the Rac1-GTP levels at 2-, 5-, and 10-min stimulation points were all significantly higher in the R-Ras mutant cells than in the WT cells. In addition, R-Ras mutant cells contained a higher Rac2 activity than WT cells at the nonstimulatory and 2-min time point but not at later time points, suggesting that Rac2 activity is also inversely related with R-Ras activity but with a slightly different kinetics (Fig.  2B) . R-Ras-deficient Lin Ϫ BM cells showed a higher basal level of Rac1 activation (Fig. 2B) . These data indicate that R-Rasdeficient Lin Ϫ BM cells have reduced sensitivity to stimuli in Rac1 response and contain close to maximal activation of Rac1 at the basal level. Unlike Rac1, the activity of Cdc42 remained unchanged in the R-Ras mutant cells (Fig. 2C , from the same cell samples in Fig. 2B) . Consistent with the elevated basal Rac1 status in R-Ras Ϫ/Ϫ cells, we found that phospho-PAK and phospho-MLC, downstream signal components of Rac1, were elevated in R-Ras-deficient Lin Ϫ /c-Kit ϩ cells under both serum-stimulatory and serum-free conditions, as well as under CXCL12 stimulation (Fig. 2, D and E) . In contrast, we did not detect significant changes in the activities of AKT or ERK by phospho-antibody blotting (Fig. 2, D and E) , suggesting that R-Ras deficiency impairs signals crucial in actomyosin machinery but does not affect signals controlling proliferation and/or survival. Indeed, there was no detectable difference in the cfu-C activity of R-Ras-KO BM compared with that of WT bone marrow (Fig. 2F) , suggesting that proliferation and/or survival of R-Ras-KO HPCs is not compromised. Together, these results establish that R-Ras deficiency promotes Rac1/Rac2 activation in HPCs.
Constitutively Active R-Ras Mutant Suppresses Rac1 ActivityTo investigate further whether R-Ras activation could inhibit Rac1 activity, we introduced a constitutively active R-Ras mutant (G38V) into the WT Lin Ϫ BM cells by retrovirus-mediated transduction. Expression of the R-Ras G38V rendered the Rac1 activity of the Lin Ϫ BM cells from WT mice insensitive to stimulation by serum and multiple cytokines at 2-and 10-min time points (Fig. 3A) . In conjunction with the activity pulldown assay, Western blotting results showed that both p-PAK1 and p-MLC levels also became insensitive to serum/ cytokine stimulation in the R-Ras G38V expression cells (Fig.  3B) . These data indicate that R-Ras acts upstream of Rac1 to suppress its activity.
R-Ras Regulates HPC Migration and Actin OrganizationRac GTPases are important regulators of HPC migration and actin cytoskeleton reorganization (13) . To investigate whether R-Ras regulates HSPC migration and actin reorganization by modulating Rac1 activity, WT and R-Ras mutant Lin Ϫ /c-Kit ϩ cells were analyzed for their abilities to migrate across a tran- Ϫ cells were stimulated with CXCL12 for 0, 2, 5, and 10 min. Cells were then subjected to effector domain pulldown assays. The activities of Rac1 (B), Rac2 (B), and Cdc42 (C) were analyzed. Relative amounts of GTP-bound form of the GTPases were quantified by densitometry and normalized to the nonstimulated control. D, Western blotting of phospho-PAK1, phospho-MLC, phospho-AKT, phospho-ERK and relevant controls of the Lin Ϫ cells from WT or mutant mice is shown. Relative amounts phospho-PAK1, phospho-MLC, phospho-AKT and phospho-ERK were quantified by densitometry measurements and normalized to the nonstimulated control. Data are representative of three independent experiments. E, Western blotting of phospho-PAK1 and phospho-ERK and relevant controls of the Lin Ϫ cells from WT and mutant mice that were stimulated with CXCL12 of the indicated time points is shown. F, cfu-GM, BFU-E, cfu-GEMM, and cfu-C activities in BM were determined in the methylcellulose culture. cfu-GM, cfu that produces colonies of granulocytes and macrophages; cfu-GEMM, cfu that produces colonies of neutrophils, eosinophils, erythrocytes, macrophages, megakaryocytes, and mast cells in various combination; BFU-E, burst-forming unit-erythroid). Data are representative of three independent experiments.
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swell toward a CXCL12 gradient. Although the basal migration activities of WT and R-Ras-KO cells were similarly low, R-Rasdeficient HPCs showed a significantly increased migration ability compared with WT cells in response to CXCL12 (Fig. 4A) . Isolated WT and R-Ras-KO Lin Ϫ /c-Kit ϩ cells were also analyzed for F-actin organization upon CXCL12 stimulation. In WT cells, upon CXCL12 stimulation, patched F-actin was reorganized to form a cortical actin network, as revealed by immunofluorescence (Fig. 4B) . Even prior to stimulation the F-actin of R-Ras-KO cells was assembled at the cell cortex, indicating that signals regulating cortical actin polymerization, which are dependent on Rac, show higher basal level in R-Ras-deficient cells (Fig. 4B) . To quantify the R-Ras deficiency-induced assembly of F-actin, flow cytometry was performed to test the F-actin intensity of both R-Ras WT and KO cells. In the population of Lin Ϫ /c-Kit ϩ cells, without any stimulation, R-Ras-KO cells showed higher F-actin intensity than the R-Ras WT cells, which further suggested that R-Ras deficiency induced higher Rac activity (Fig. 4C) . To measure the activation of Rac1 GTPase in R-Ras-KO cells more directly, we stained the unstimulated R-Ras WT and KO Lin Ϫ /c-Kit ϩ cells with a Rac1-GTP-specific antibody. Fig. 4D shows that compared with the WT cells, the intensity of Rac1-GTP in the R-Ras-KO cells was significantly increased. The Rac-specific inhibitor, NSC23766 (12) , could inhibit the R-Ras deficiency-induced Rac-GTP elevation (Fig.  4D) . To determine further the role of R-Ras activity on HPC migration, R-Ras G38V or a mock vector (control) was retrovirally transduced into Lin Ϫ HPCs, and additional transwell migration assays coupled with a cfu activity assay were performed. R-Ras G38V-expressing cells had a 60% lower migration than mock-transduced cells (Fig. 4E) , further indicating that R-Ras activity negatively regulates HPC migration.
To examine whether R-Ras-mediated directional migration is associated with Rac activity, we applied the Rac-specific inhibitor, NSC23766, to the isolated LDBM cells and carried out transwell migration assay coupled with cfu activity assay of the migrated cells. Our results show that Rac inhibition reduced migration of both WT and R-Ras-deficient HPCs and completely reversed the hypermigratory phenotype of R-Ras-deficient HPCs to that of WT HPCs (Fig. 4F) . These data indicate that Rac1 activity is required for the increased cell migration observed in R-Ras mutant cells and further support the role of R-Ras as a key upstream regulator for Rac-mediated HPC migration.
R-Ras Deficiency Increases Progenitor Mobilization to PB-
To examine whether the increased in vitro migratory activity of R-Ras KO HPCs could alter in vivo mobilization, the mobilization of WT and mutant R-Ras HSPCs from the BM to PB and spleen after G-CSF stimulation was measured. We administered G-CSF, a cytokine reported to activate migration of HPCs out of BM by inverting the CXCL12 gradient between PB and BM (35) , to WT and R-Ras-deficient mice. After 6 days of daily administration, we harvested PB, spleen, and BM cells and assayed their cfu activity. There were no differences in the overall cellularity of these tissues between WT and R-Ras-deficient mice (data not shown). Consistent with the hypermigratory phenotype of R-Ras-deficient HPCs in response to CXCL12, the number of HPCs in PB of R-Ras-KO mice was ϳ3-fold higher than in WT mice (p Ͻ 0.01, Fig. 5A ). We did not detect any significant difference in the colony numbers in the spleen and BM cells of the G-CSF-treated WT versus R-Ras-KO mice, as is the case for basal PB cfu activities (data not shown). Further, BM cells from the WT and the R-Ras-KO mice yielded similar cfu mix activities (Fig. 2F) . These data suggest that the increase in HPC count in PB of R-Ras-KO mice was not a result of increased proliferation of HPCs in hematopoietic organs. To investigate further whether R-Ras deficiency-induced HPC mobilization is due to HPC intrinsic property or a change of microenvironment, R-Ras-deficient hematopoietic and nonhematopoietic chimeric mice were generated, followed by CXCL12-induced mobilization assay. In response to the CXCL12, R-Ras-KO BM cells that transplanted to BoyJ mice showed ϳ3-fold higher mobilization than the WT BM cells (Fig. 5B) . On the contrary, BoyJ mice BM cells that transplanted to WT or KO R-Ras mice showed no significant difference in the mobilization activity (Fig. 5C ). These data indicate that R-Ras-KO-induced BM mobilization was a result of HPC intrinsic property. Together, the results confirm the role of R-Ras-mediated signaling in the regulation of HPC mobilization in vivo.
R-Ras Deficiency Leads to a Homing Defect of HPCs-A corollary of the hypothesized activity of R-Ras in HPC migration as a crucial signal transducer is that deficiency of R-Ras may reduce the ability of progenitor cells to home BM after transplantation. WT and R-Ras mutant BM cells were transplanted into lethally irradiated syngeneic mice. After 16 h, BM cells were harvested from the recipients and assayed for cfu activity. The results in Fig. 6A show that R-Ras deficiency led to reduced progenitor homing as indicated by decreased donor-derived cfu activities in BM of recipient mice (WT 4.3% versus KO 2.8%, p Ͻ 0.05).
To investigate the mechanism for the defective homing activity of R-Ras-KO HPCs, we examined the expression of ␤1-integrin, the receptor contributing to the attachment of HPCs in the BM through flow cytometry. Consistent with the in vitro cfu adhesion assay data of the R-Ras WT and KO HPCs on the fibronectin-coated surface (Fig. 6B) , no significant difference of ␤1-integrin expression between WT and KO was detected (Fig. 6C) .
To characterize further whether R-Ras deficiency also affects hematopoietic stem cell (HSC) engraftment, a competitive repopulation assay by transplanting lethally irradiated syngeneic BoyJ recipient mice with CD45.1 ϩ WT and CD45.2 ϩ WT or R-Ras-deficient BM cells at 1:1 ratio was performed. No significant difference in the chimerism of R-Ras-deficient hematopoietic cells compared with WT controls, 16 weeks after transplantation, was detected (Fig. 6D) , indicating that R-Ras deficiency does not impair HSC engraftment. These data are consistent with the apparently normal blood counts of R-Ras-KO mice (Table 1) and further suggest that R-Ras selectively regulates the traffic of hematopoietic progenitors, but not HSC, between BM and PB, under stress which is distinct from previous observed effects by loss of Rac1/Rac2 function.
DISCUSSION
How diverse extracellular stimuli available in the BM are transduced in HPCs resulting in their functional retention in the BM and their mobilization to PB is an important question in hematopoiesis. Rac1 and Rac2, members of the Rho family GTPases, are key regulators of these functions in hematopoietic cells. We have previously examined the role of Rac1 and Rac2 in HSPC engraftment and mobilization (12, 13) . The deletion of both Rac1 and Rac2 led to a massive egress of HPCs into the blood from the marrow, whereas Rac1 Ϫ/Ϫ but not Rac2
HSPCs failed to engraft in the BM of irradiated recipient mice due to impaired homing (12, 13 ). In our current study, R-Ras is identified as an intracellular regulator of HPC migration and mobilization. R-Ras may serve as a negative signal mediator required specifically for Rac activation, as deficiency of R-Ras causes an increased activity of Rac1 in HPCs, which, in turn, is involved in controlling HPC migration, homing, and mobilization. R-Ras regulation of Rac1 activity has been studied in cell lines by R-Ras mutant overexpression, and the effect of R-Ras on cell adhesion and migration 
TABLE 1 Hematologic parameters of wild-type (WT) and knock-out (KO) R-Ras mice
Peripheral blood samples were collected from R-Ras WT (n ϭ 6) and KO (n ϭ 6) mice when they were 20 weeks old. Blood counts were performed with a Hemavet 850 hematology analyzer. Data are mean Ϯ S.E.
appears to be cell system-dependent. Our work has now demonstrated that in primary HPCs, under various cytokine/ chemokine stimulation conditions, activation of R-Ras correlates with down-regulation of Rac1 activity, whereas deletion of R-Ras induces Rac1/Rac hyperactivation without affecting other GTPases like Cdc42 or H-Ras activity. Thus, R-Ras activity translates into Rac1/Rac2-dependent actin polymerization and migration, impacting on HPC trafficking in vitro and in vivo but does not influence cell proliferation. The data indicate that in HPCs Rac1/Rac2 and R-Ras establish a cross-talk, demonstrated by the influence on Rac1 activity by genetic deletion of R-Ras, constitutively active R-Ras mutant expression, as well as pharmacological inhibition of Rac1/Rac2 on the R-Ras negative background.
Postnatal HPCs reside in the BM in equilibrium with a small circulating fraction residing in the PB. During mobilization, HPCs exit their microenvironment in the BM, presumably migrate through an endothelial barrier and circulate in the bloodstream, without immediately returning (homing) to the BM or any other organ. Mobilization may rely on stem/progenitor cell-intrinsic or -extrinsic pathways; indeed, multiple cellular or local soluble factors from the microenvironment have been considered to be determinants for HPC retention and homing. Our results indicate that BM homing of R-Ras-deficient HPCs is defective whereas mobilization of R-Ras-deficient progenitors in response to G-CSF administration is increased. However, the deficiency of R-Ras only seems to impair HPCs trafficking but not the engraftment or retention after G-CSF administration of the primitive HSC population, suggesting that although R-Ras controls the migratory properties of progenitor cells, it seems not to play a crucial role in the homing, engraftment, or mobilization of stem cells. Several possibilities arise from this observation. First, because it is not clear whether most cell types express R-Ras (21, 36), R-Ras may be differentially expressed or functionally available in different HSPC subpopulations. We identified that LK cells do express and can activate R-Ras upon appropriate stimulation, and upon Rac1 inhibition, R-Ras activation significantly increases. The low frequency of HSC prevented us from performing biochemical assays in further purified HSC populations. Second, despite the use of different agonists that are capable of stimulating chemotaxis and chemokinesis in HSC and HPC, it is possible that R-Ras cross-talks to Rac1 are only preserved or especially relevant in HPCs while being less relevant in HSC. Finally, there is cumulative evidence that HSCs and HPCs share but also differ in the signals dependent on cell-to-cell and paracrine signals from the neighboring microenvironment in relation to different microanatomical locations (37) (38) (39) or specific differences in their receptor expression or downstream signaling (40) , which may be responsible for a different level of R-Ras activation between HSCs and HPCs. Other pathways, like H-Ras and Cdc42, seem not to be affected by R-Ras deficiency, suggesting that in hematopoietic progenitors, the cross-talk between Rac1 and R-Ras is specifically relevant in the migratory phenotype.
The deletion of Rac2 results in elevated egress of HPCs into the blood from the marrow, and Rac1 Ϫ/Ϫ HPCs failed to engraft in the bone marrow of irradiated recipient mice due to impaired homing (12, 13) . These observations might seem to be counterintuitive to our current data in which hyperactivation of Rac1/ Rac2 is associated with the same phenotypes. The increased mobilization of Rac2 Ϫ/Ϫ HPCs may be due to the defective adhesion activity, even though they completely lost the transwell migration activity (11) (12) (13) . However, the reason for R-Ras deficiency-induced mobilization effect might be different because R-Ras Ϫ/Ϫ HPCs show increased migration activity whereas the adhesion activity is not affected. Together, though, they support a model in which absence or hypoactivity and hyperactivity of Rac GTPase activities disturb similar cell intrinsic signaling pathways, resulting in similar cellular phenotypes. This is not unlike what is observed in the case of Cdc42 gain or loss activity mouse models (33, 41) .
In summary, our study using the combined approaches of a R-Ras-KO mouse model and constitutively active R-Ras mutant expression identifies R-Ras as an upstream, negative regulator of Rac1/Rac2 GTPases in HPC migration and retention. The R-Ras and Rac cross-talk controls the actomyosin machinery of hematopoietic progenitors that affects their migration and homing activities and is involved in mobilization of hematopoietic progenitors from BM to PB stimulated by G-CSF.
